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ABSTRACT 
 
The electromagnetic fields near power lines that may produce adverse effects on 
humans are of increasing interest in a variety of situations, thus making it worthwhile to 
develop general-purpose software that estimates both the electric and magnetic fields 
accurately. This study deals with the simulations of the electric and magnetic fields near 
high-voltage power lines for the triangular, horizontal and vertical conductor 
arrangements under both balanced and unbalanced conditions.  
For all three conductor arrangements, the shapes of the electric field distribution 
curves are different with the vertical arrangement best for minimizing right of way 
consideration, while the shapes of the magnetic field distributions curves are similar. 
Except for the horizontal arrangement, the maximum electric field magnitudes with 
shield conductors are larger than those without shield conductors. Among the three 
different arrangements, the maximum field value of the vertical arrangement is most 
vulnerable to the unbalanced conditions. 
For both the electric and magnetic fields, increasing the heights of phase 
conductors gradually results in diminishing return in terms of the field reduction. In this 
work, both the maximum electric field magnitudes and the maximum magnetic field 
magnitudes produced by 500 kV power lines at 1 m height from the ground are all within 
the permissible exposure levels for the general public. At last, the dynamic trajectories of 
both fields with time are simulated and interpreted, with each field represented by a 
vector rotating in a plane describing an ellipse, where the vector values can be compared 
to high-speed vector measurements. 
  
ii 
 
ACKNOWLEDGMENTS 
First of all, I would like to express my gratitude and deep thanks to my advisor, 
Dr. Keith Holbert, for his guidance, devotion of time, and encouragement throughout the 
period of this research, and for his invaluable assistance that makes the completion of this 
study possible.  
I also owe my thanks to Dr. George Karady and Dr. Raja Ayyanar for their time 
and guidance as committee members. Besides, I am grateful to all faculties in the group 
of electric power and energy systems. 
Words are powerless to express my gratitude to my parents for their great concern 
and support giving to me all the time. 
Finally, thanks to all my friends at Arizona State University for their 
encouragement and help. 
  
iii 
 
TABLE OF CONTENTS 
Page 
LIST OF TABLES ............................................................................................................. vi	
LIST OF FIGURES .......................................................................................................... vii 
CHAPTER 
1.	 	 INTRODUCTION ........................................................................................................ 1	
1.1 Background ........................................................................................................... 1	
1.2 Scope of the Study ................................................................................................ 3	
1.3 Organization of the Thesis .................................................................................... 3	
2.	 	 BACKGROUND .......................................................................................................... 5	
2.1 Electric Fields ....................................................................................................... 5	
2.1.1 Finite Difference Method .......................................................................... 5	
2.1.2 Finite Element Method .............................................................................. 8	
2.1.3 Charge Simulation Method ..................................................................... 10	
2.1.4 Monte Carlo Method ............................................................................... 12	
2.2 Magnetic Fields ................................................................................................... 13	
2.2.1 Magnetic Field Calculation Using Ampere’s Law .................................. 13	
2.2.2 Finite Difference Equation for Magnetic Fields ..................................... 13	
2.2.3 Finite Element Equation for Magnetic Fields ......................................... 15 
 
  
iv 
 
CHAPTER Page 
3.	 	 ELECTRIC FIELDS .................................................................................................. 18	
3.1 Theory ................................................................................................................. 18	
3.2 Simulation Results without Shield Conductors .................................................. 20	
3.2.1 Electric Fields Generated by Different Conductor Arrangements .......... 20	
3.2.2 Electric Fields Generated by Different Heights of Phase Conductors .... 22	
3.3 Simulation Results with Shield Conductors ....................................................... 25	
3.4 Electric Fields Generated by Unbalanced Voltage Magnitude ........................... 29	
3.4.1 Electric Fields for One Phase with Unbalanced Voltage ........................ 29	
3.4.2 Electric Fields for Two Phases with Unbalanced Voltage Magnitudes .. 32	
3.5 Three-Dimensional Plots of the Electric Fields .................................................. 35	
4.	 	 MAGNETIC FIELDS ................................................................................................ 38	
4.1 Theory ................................................................................................................. 38	
4.2 Magnetic Fields Generated by Different Conductor Arrangements ................... 39	
4.3 Magnetic Fields Generated by Different Heights of Phase Conductors ............. 40	
4.4 Magnetic Fields Generated by Unbalanced Current Magnitude ........................ 43	
4.4.1 Magnetic Fields for One Phase with Unbalanced Current ...................... 43	
4.4.2 Magnetic Fields for Two Phases with Unbalanced Currents .................. 45	
4.5 Three-Dimensional Plots of the Magnetic Fields ............................................... 49 
 
  
v 
 
CHAPTER Page 
5.	 	 The IMPACT OF FREQUENCY ON THE FIELD ................................................... 52	
5.1 Magnetic Field Dynamic Trajectories ................................................................ 52	
5.2 Electric Field Dynamic Trajectories ................................................................... 61	
6.	 	 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK .............. 72	
6.1 Conclusions ......................................................................................................... 72	
6.2 Future Work ........................................................................................................ 74	
REFERENCES ................................................................................................................. 76 
APPENDIX 
   A  FLOWCHART OF THE MATLAB PROGRAM ............................................... 79	
   B  USER MANUAL FOR THE USER FRIENDLY INTERFACE ......................... 81	
 
 
 
 
 
 
 
  
vi 
 
LIST OF TABLES                                                      
Table                                                               Page      
3.1 Coordinates of Phase Conductors ............................................................................... 21	
3.2 Coordinates of the Triangular Arrangement for Different Heights ............................ 23	
3.3 Coordinates of the Horizontal Arrangement for Different Heights ............................ 23	
3.4 Coordinates of the Vertical Arrangement for Different Heights ................................ 24	
3.5 Maximum Electric Field Magnitudes under Different Conditions ............................. 25	
3.6 Coordinates of the Shield Conductors ........................................................................ 26	
3.7 Maximum Field Magnitude With and Without Shield Conductors ............................ 26	
4.1 Maximum Magnetic Field Magnitudes under Different Conditions .......................... 42	
5.1 Magnetic Field Values for the Triangular Arrangement ............................................. 54	
5.2 Magnetic Field Values for the Horizontal Arrangement ............................................ 61	
5.3 Magnetic Field Values for the Vertical Arrangement ................................................. 61	
5.4 Electric Field Values for the Triangular Arrangement ............................................... 64	
5.5 Electric Field Values for the Horizontal Arrangement ............................................... 71	
5.6 Electric Field Values for the Vertical Arrangement ................................................... 71	
 
 
 
  
vii 
 
LIST OF FIGURES 
Figure                                                              Page 
2.1 Discretization of a Field Region by a Point Lattice. ..................................................... 7	
2.2 Discretization of a Two-Dimensional Field Region into Triangular Elements. ........... 9	
2.3 Illustration of the Monte Carlo Method for Electric Field Determination. ................. 12	
2.4 Typical Grid Point 0 with its Surrounding Meshes and Gird Points. ......................... 15	
3.1 Transmission Line Arrangement for Electric Field Calculation. ................................ 18	
3.2 Electric Field Distribution at 1 m from the Ground for Different Conductor 
Arrangements. ................................................................................................................... 22	
3.3 Field Distribution at 1 m for Different Heights of the Triangular Arrangement. ....... 23	
3.4 Field Distribution at 1 m for Different Heights of the Horizontal Arrangement. ....... 24	
3.5 Field Distribution at 1 m for Different Heights of the Vertical Arrangement. ........... 25	
3.6 Electric Field Distribution at 1 m from the Ground for Different Conductor 
Arrangements with Shield Conductors. ............................................................................ 26 
3.7 Electric Field Distribution at 1 m from the Ground for the Triangular Conductor 
Arrangement. .................................................................................................................... 28	
3.8 Electric Field Distribution at 1 m from the Ground for the Horizontal Conductor 
Arrangement. .................................................................................................................... 28	
3.9 Electric Field Distribution at 1 m from the Ground for the Vertical Conductor 
Arrangement. .................................................................................................................... 29 
3.10 Electric Field Distribution at 1 m from the Ground for One Phase With Unbalanced 
Voltage Magnitude for the Triangular Arrangement. ....................................................... 30 
 
  
viii 
 
Figure                                                              Page 
3.11 Electric Field Distribution at 1 m from the Ground for One Phase With Unbalanced 
Voltage Magnitude for the Horizontal Arrangement. ....................................................... 31	
3.12 Electric Field Distribution at 1 m from the Ground for One Phase With Unbalanced 
Voltage Magnitude for the Vertical Arrangement. ........................................................... 32	
3.13 Electric Field Distribution at 1 m from the Ground for Two Phases With Unbalanced 
Voltage Magnitudes for the Triangular Arrangement. ..................................................... 32	
3.14 Electric Field Distribution at 1 m from the Ground for Two Phases With Unbalanced 
Voltage Magnitudes for the Horizontal Arrangement. ..................................................... 33	
3.15 Electric Field Distribution at 1 m from the Ground for Two Phases With Unbalanced 
Voltage Magnitudes for the Vertical Arrangement. ......................................................... 34	
3.16 Electric Field Strength below the 500 kV Transmission Line for the Triangular 
Arrangement. .................................................................................................................... 36	
3.17 Electric Field Strength below the 500 kV Transmission Line for the Horizontal 
Arrangement. .................................................................................................................... 36	
3.18 Electric Field Strength below the 500 kV Transmission Line for the Vertical 
Arrangement. .................................................................................................................... 37	
4.1 Magnetic Field Vector (Current into the Page). .......................................................... 38	
4.2 Magnetic Flux Density under the Line at 1 m from the Ground. ............................... 40	
4.3 Magnetic Fields at 1 m for Different Heights of the Triangular Arrangement. .......... 41 
Figure 4.4 Magnetic Fields at 1 m for Different Heights of the Horizontal Arrangement.
 ........................................................................................................................................... 41	
4.5 Magnetic Fields at 1 m for Different Heights of the Vertical Arrangement. .............. 42 
  
ix 
 
Figure                                                              Page 
4.6 Magnetic Flux Density at 1 m from the Ground for One Phase With Unbalanced 
Current Magnitude for the Triangular Arrangement. ....................................................... 44	
4.7 Magnetic Flux Density at 1 m from the Ground for One Phase With Unbalanced 
Current Magnitude for the Horizontal Arrangement. ....................................................... 45	
4.8 Magnetic Flux Density at 1 m from the Ground for One Phase With Unbalanced 
Current Magnitude for the Vertical Arrangement. ........................................................... 45	
4.9 Magnetic Flux Density at 1 m from the Ground for Two Phases With Unbalanced 
Current Magnitudes for the Triangular Arrangement. ...................................................... 47	
4.10 Magnetic Flux Density at 1 m from the Ground for Two Phases With Unbalanced 
Current Magnitudes for the Horizontal Arrangement. ...................................................... 48	
4.11 Magnetic Flux Density at 1 m from the Ground for Two Phases With Unbalanced 
Current Magnitudes for the Vertical Arrangement. .......................................................... 48	
4.12 Magnetic Flux Density below the 500 kV Transmission Line for the Triangular 
Arrangement. .................................................................................................................... 49	
4.13 Magnetic Flux Density below the 500 kV Transmission Line for the Horizontal 
Arrangement. .................................................................................................................... 50	
4.14 Magnetic Flux Density below the 500 kV Transmission Line for the Vertical 
Arrangement. .................................................................................................................... 51 
Figure 5.1 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m 
Height With Horizontal Distance of 5 m for the Triangular Arrangement. ...................... 55	
5.2 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m Height 
With Horizontal Distance of 30 m for the Triangular Arrangement. ............................... 56 
  
x 
 
Figure                                                              Page 
5.3 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m Height 
With Horizontal Distance of 5 m for the Horizontal Arrangement. ................................. 57	
5.4 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m Height 
With Horizontal Distance of 30 m for the Horizontal Arrangement. ............................... 58	
5.5 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m Height 
With Horizontal Distance of 5 m for the Vertical Arrangement. ..................................... 59	
5.6 Dynamic Trajectories of Magnetic Flux Density Vector With Time at 1 m Height 
With Horizontal Distance of 30 m for the Vertical Arrangement. ................................... 60	
5.7 Dynamic Trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 5 m for the Triangular Arrangement. .......................................... 65	
5.8 Dynamic Trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 30 m for the Triangular Arrangement. ........................................ 66	
5.9 Dynamic trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 5 m for the Horizontal Arrangement. .......................................... 67	
5.10 Dynamic Trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 30 m for the Horizontal Arrangement. ........................................ 68 
5.11 Dynamic Trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 5 m for the Vertical Arrangement. .............................................. 69 
5.12 Dynamic Trajectories of Electric Field Vector With Time at 1 m Height With 
Horizontal Distance of 30 m for the Vertical Arrangement. ............................................ 70	
  
1 
   
1. Introduction 
1.1 Background 
Transmission lines are high voltage power lines used to convey large blocks of 
power efficiently over long distances, but they also generate electromagnetic fields. The 
electric field is associated with voltage on the conductors, whereas the magnetic field is 
due to line current. The generated electromagnetic fields are important environmental 
constraints on power lines. While the transmission importance increases, the public 
concern about the environmental impact of the transmission has also increased.  
The environmental impact of the power lines is mainly manifested in terms of the 
land use, the audible and radio noise, and the impact of the electromagnetic field on the 
ecological environment and people’s health. And significant concerns have arisen that the 
electric and magnetic fields from power lines might be affecting the health of exposed 
individuals.  
The effect of electric and magnetic fields on the organism is non-ionizing, and is 
mainly through the induced voltages and currents in biological tissues by interactions, 
resulting in short-term and long-term effects on the organism. When the body is exposed 
to high fields, the fields could cause the feeling of pricking on the skin, muscle or 
peripheral nerves, and even cause dyspnea (labored breathing) and heart discomfort. 
These are the short-term effects. When humans, animals and plants are exposed to high 
fields for a long-term, some abnormal changes can occur on their behavior, blood, 
biochemical indexes, and organs. These are the long-term effects. 
Thus, there has been a large number of studies on the health effects of the electric 
and magnetic fields generated by power lines. Wertheimer and Leeper reported in 1979 
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that children living near power lines had an increased risk for developing cancer [1], and 
some other results also support that the fields produced by overhead transmission lines 
are potential threats to public health [2]-[6], which can cause adverse biological effects 
on humans such as neurological, and cardiovascular disorders [7]. However, some 
research shows weak correlation between exposure to the electromagnetic fields and the 
incidence of several cancers or other diseases [8]-[10]. 
Despite a multitude of studies, there remains considerable debate over what health 
effects may result from exposure to the fields. There is still no clear answer as to whether 
exposure to electric and magnetic fields resulting from the transmission and distribution 
of electricity promotes cancer or initiates other health problems [11].  
Although the results of the studies are inconsistent, they still cause tremendous 
psychological pressure on the public, resulting in concerns and fears of the 
electromagnetic pollution of high-voltage power lines. Consequently, the magnitudes of 
the electric and magnetic fields are of increasing interest in a variety of situations, 
making it significant to calculate the electric and magnetic fields under power lines 
especially near the lines which pass beside houses, factories and schools, and keep the 
emissions under permissible values to relieve the fear and anxiety of the public. In 
addition, power line towers are increasingly utilized to deploy communications 
equipment such as cellular telephone transceivers. Workers installing and maintaining 
such equipment come within closer proximity to the lines and therefore experience higher 
field exposures. An insight into the electromagnetic field shapes and strengths around 
towers can provide us with relevant knowledge about how to avoid areas with strong 
fields or how to approach them with suitable protection equipment [12].  
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There are four main methods for computing the electric field: the finite difference 
method, the finite element method, the Monte Carlo method, and the charge simulation 
method. The first two may be generically called differential methods, the latter two 
integral methods. In this work, the charge simulation method is selected to calculate the 
electric field, due to its advantages over other methods: it can deal with the open 
boundary condition and the parameters in the calculation are easy to adjust. The magnetic 
field is calculated using Ampere’s law. 
1.2 Scope of the study 
This work deals with the simulation of the electric and magnetic fields near 500 
kV lines. The simulations are carried out using Matlab for different conductor 
arrangements and phase arrangements under both balanced and unbalanced conditions. 
The simulation results include both the field distribution and the time-varying field for 
the total field and the fields by individual conductors, and the results are compared with 
the IEEE permissible values.  
A goal of this effort is to develop user-friendly general-purpose software that 
estimates both the electric and magnetic fields by power lines accurately, and can be 
utilized for both educational and research applications.  
1.3 Organization of the thesis 
The thesis is divided into 6 chapters. Chapter 1 introduces the background and the 
significance of this study. Chapter 2 briefly describes and compares some of the available 
methods for electromagnetic field calculation. Chapter 3 details the computational 
approach chosen and the simulation results of the electric field. Chapter 4 illustrates the 
computational approach and the simulation results of the magnetic field. Chapter 5 
  
4 
   
presents results of the time dependent electromagnetic field. Chapter 6 summarizes the 
work done in this study and discusses possible future works.  
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2. Background 
2.1 Electric fields 
Methods for computing electric fields can be divided into analytical and 
numerical techniques. The analytical methods can only be used in very simple cases. 
Therefore numerical approaches are significant in solving the practical problems. 
In numerical methods, the electric field domain can be expressed by differential 
or integral equations, which are the operator equations. The purpose of numerical 
methods is to transfer the equation into a matrix formulation, which can be solved by 
computers. Numerical methods consist of four steps. The first step is to express the field 
functions by a set of linear independent functions with undetermined variables. The 
second step is to cast the continuous solution domain into a discrete form, which consists 
of a number of elements and nodes. The third step is to determine the unknown 
parameters using a principle of error minimization. After the third step, the equations are 
transformed to a matrix relation. Finally, the solutions are obtained by solving the matrix 
equation from the third step [13]. 
There are many numerical techniques for the electric field computation such as: 
finite difference method, finite element method, charge simulation method, and Monte 
Carlo method, which will be introduced in this chapter. 
2.1.1 Finite difference method 
The finite difference method is used for solving partial differential equations, 
which can be applied to problems with different boundary shapes, different kinds of 
boundary conditions, and for a region containing a number of different materials. 
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The principle of the finite difference method is to replace a continuous domain 
with a discrete lattice of nodes, and the values of the unknown potentials are to be 
computed at these nodes [14]. The continuous domain represents the entire space 
surrounding the high voltage electrode. In other words, the finite difference method, 
which is applied in [15], allows the approximate solutions of Laplace’s potential equation 
by degrading its partial derivatives to quotients of incrementals [16]. 
The field region is discretized by an equidistant point lattice as in Figure 2.1. The 
node 0 together with its four adjacent nodes 1, 2, 3, 4 constructs the grid and will be of 
interest. The potentials at these nodes are 𝜑!,𝜑!,𝜑!,𝜑! and 𝜑!, respectively. Since the 
potentials within the described region are continuous, it is possible to expand the 
potentials at any point using Taylor series and dropping the terms containing the higher 
derivatives of the potential because of their negligible values [17]. The equations are 
formulated as follows 𝜑! = 𝜑! − !"!" ! ∆x+ !! !!!!!! ! (∆𝑥)!  𝜑! = 𝜑! − !"!" ! ∆y+ !! !!!!!! ! (∆𝑦)!  𝜑! = 𝜑! + !"!" ! ∆x+ !! !!!!!! ! (∆𝑥)!  
                 𝜑! = 𝜑! + !"!" ! ∆y+ !! !!!!!! ! (∆𝑦)!             (2-1) 
The Laplace equation states that 
!!!!!! + !!!!!! = 0                        (2-2) 
Then the potential at the middle of the square can be easily calculated. 𝜑! = (𝜑! + 𝜑! + 𝜑! + 𝜑!)/4                (2-3) 
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Equation (2-3) represents the finite difference form of the Laplace equation. The 
nodes that lie on the high voltage electrode surface have a potential equal to the applied 
voltage. Then Equation (2-3) is used to evaluate the potential at all nodes in the space 
between electrodes. The equations of all nodes represent a linear system of simultaneous 
equations and can be shown in matrix notation.  
[P][𝜑] = 0                         (2-4) 
where [P] is a n×n matrix of the coefficients for n unknown node potentials; and [𝜑] is a 
n×1 column matrix which contains the unknown potentials. 
Equation (2-4) can be solved upon introduction of boundary conditions. This 
method is very efficient for field regions that are finite in space, but if the field regions 
are unbounded, the number of nodes becomes extremely large and the solution of 
Equation (2-4) becomes impossible even for digital computers [17]. 
x
y
0
1
2
3
4
· 	
· 	 · 	· 	
· 	
yΔ
xΔ
 
Figure 2.1 Discretization of a field region by a point lattice. 
The finite difference method has been used to solve many engineering problems 
since the 1950s, but because of the need to use regular grids the application of this 
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method is limited. Moreover, this method has a very limited accuracy in case of curved 
boundaries because they intersect the grid lines at points other than nodes. 
2.1.2 Finite element method 
The solution of electric field problems using the finite element method is based on 
that Laplace’s equation is satisfied when the total energy is minimal [18]. 
The energy stored in the volume of element ∆V is calculated as 
𝑊∆! =  !! 𝜀 ( !"!" ! + !"!" ! + !"!" !)𝑑𝑉∆!          (2-5) 
where ε is the permittivity. 
For a two-dimensional field, the energy per unit length S is calculated as 
𝑊∆! = !! 𝜀 ( !"!" ! + !"!" !)𝑑𝑆∆!              (2-6) 
In this method, which is applied in [19, 20], the field region is subdivided into n 
elements of variable size and form. Most elements are triangular for two-dimensional 
problems since these triangles can be easily fitted upon curved boundaries. Figure 2.2 
shows a subdivision of a two-dimensional region into triangular elements.  
It is possible to formulate the potential distribution within the element and the 
simplest approximation of the unknown potential function within an element is 𝜑∆!(𝑥,𝑦)= C1+C2x+C3y                     (2-7) 
where C1, C2, C3 are a priori unknown coefficients.  
Higher order approximation functions are possible or may become necessary. The 
linear approximation is used for the sake of clarity. 
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0
1
2
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4
· 	
· 	 · 	· 	
· 	
· 	· 	
· 	m i
j
x
y
 
Figure 2.2 Discretization of a two-dimensional field region into triangular elements. 
Upon insertion of three coordinate couples 𝑥!𝑦! , 𝑥!𝑦! , 𝑥!𝑦!, the three coefficients 
C1, C2 and C3 can be expressed by the node potentials 𝜑! ,𝜑! ,𝜑! per the following 
equations. 𝜑! = 𝐶! + 𝐶!𝑥! + 𝐶!𝑦! 𝜑! = 𝐶! + 𝐶!𝑥! + 𝐶!𝑦! 𝜑! = 𝐶! + 𝐶!𝑥! + 𝐶!𝑦!                     (2-8) 
These three equations can be solved to obtain the coefficients C1, C2, and C3 as 
functions of the node potentials and node coordinates. And then the interpolation N can 
be calculated for a linear approximation.  
Next, a second version of the approximation function, which approximates the 
potential inside an element via interpolation through the node potentials, is obtained. 𝜑∆!(𝑥,𝑦) = 𝑁!(𝑥,𝑦)𝜑! + 𝑁!(𝑥,𝑦)𝜑! + 𝑁!(𝑥,𝑦)𝜑!          (2-9) 
Taking the partial derivative of the approximation function 𝜑∆!(𝑥,𝑦)  with 
respect to x and y, substituting the derivatives into Equation (2-6) and setting the 
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differentiation of energy with respect to the potentials equal to zero as in Equation (2-10), 
the permittivity matrix can be obtained as in Equation (2-11). 
!!∆!!!! = !!∆!!!! = !!∆!!!! = 0                   (2-10) 𝑝!! 𝑝!" 𝑝!"𝑝!" 𝑝!! 𝑝!"𝑝!" 𝑝!" 𝑝!! 𝜑!𝜑!𝜑! = 0                  (2-11) 
where 𝑝 is the function of the nodal coordinates and the element permittivity. 
A system matrix can be obtained by assembling the n element matrices. The total 
field energy is equal to the sum of all element energies. The coefficients of the matrix are 
obtained by summing up all related coefficients of the element matrices. 
The system matrix can be expressed as 𝑃 𝜑 = 0                            (2-12) 
where [P] is the matrix of system coefficients; and [φ] is the vector of n node potentials. 
With the introduction of specific boundary conditions, the linear system of 
equations can be uniquely solved. 
The advantage of the finite element method is in its flexibility where the 
triangular elements can adjust to any boundary shape or interface geometry. But one of 
the disadvantages is the tedious preparation for the input data.  
2.1.3 Charge simulation method [16] 
In the charge simulation method, which is adopted in [21]-[26], a configuration of 
simulation charges is determined, and the potential function of these charges 
approximates the true potential function of a physical electrode connected to a voltage 
source. A total of n unknown point charges are positioned inside the electrode in order to 
find the required configuration. 
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By means of the superposition principle, for n chosen charges one establishes n 
equations for n arbitrary contour points, the potential function versus simulating charges 
is   𝜑! = 𝑝!"𝑄!!!!!                        (2-13) 
where 𝑝!" is the potential coefficient between contour points and simulating charges; 𝑄!  is the unknown simulating charge; and 𝜑! is the potential on the contour points. 
In matrix notation 𝑝!! ⋯ 𝑝!!⋮ ⋱ ⋮𝑝!! ⋯ 𝑝!! 𝑄!⋮𝑄! = 𝜑!⋮𝜑!                  (2-14) 
[P][Q] = [𝜑!]                          (2-15) 
Solving this system of linear, simultaneous equations yields the sought values of 
charges. 
[Q] = [P]-1[𝜑!]                         (2-16) 
With the charges, the potential at each point of the field region can be 
approximately evaluated employing the superposition principle. 
Calculating the potentials of the other points of the electrode contour, the 
so-called checkpoints, provides an estimate of the approximate solution accuracy.  
In contrast to the finite difference and finite element methods, the charge 
simulation method is particularly well suited for unbounded field regions. A modification 
of the charge simulation method is the surface charge method employing additional 
surface-charge densities, which prove particularly helpful with thin electrodes.  
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2.1.4 Monte Carlo method 
The Monte Carlo method is based on the mean value theorem of potential theory, 
in which the potential in the center of a sphere is represented as the mean value of the 
potentials on its surface. In the simplest case one subdivides the field region between the 
conductor, which is located in the center of a rectangular duct, and the duct by an 
equidistant point lattice as in Figure 2.3. Starting from a field point whose potential is 
sought, one moves to one of four possible adjacent field points, where the direction of 
propagation from each field point is determined randomly. At the end of this random 
walk, either the duct with potential 𝜑!, or the conductor with potential 𝜑!  will be 
reached. Performing N runs, one terminates Nv times at the potential 𝜑! and N0 times at 
the potential  𝜑!. For a reasonable number N = Nv + N0. The potential of the starting 
point 𝜑! is given by 𝜑! = !! (𝑁! 𝜑! + 𝑁! 𝜑!)                       (2-17) 
x
P
+V
y
Next
walk
Ramdom
walk
 
Figure 2.3 Illustration of the Monte Carlo method for electric field determination. 
 
  
13 
   
The advantage of this method lies in its simplicity and the uncomplicated 
programming technique. However, because, after N runs, the potential of only a single 
field point is obtained, it demands extensive computer time. Compared with the 
preceding deterministic approaches, the Monte Carlo method is less popular [16]. 
2.2 Magnetic fields 
Calculation of magnetic fields is accomplished either directly from Ampere’s law 
or indirectly via a scalar potential function or a vector potential function. The scalar 
potential function is evaluated either from a current distribution or from the scalar 
potential equation. The vector potential function is evaluated either from a given current 
distribution or from the vector potential equation of the magnetic field. 
Numerical methods such as the finite difference method and the finite element 
method can also be applied to the calculation of magnetic fields. 
2.2.1 Magnetic field calculation using Ampere’s law 
According to Ampere’s law, the magnetic field at a distance r from a very long 
straight wire, carrying a steady current I, has a magnitude equal to B = !!!!"!                               (2-18) 
where 𝜇! is the free space permeability. 
2.2.2 Finite difference equation for magnetic fields 
If the reluctivity ν of a given material is a function of the magnetic flux density, 
Poisson’s equation for the magnetic vector potential is [13] 
!!" 𝜈 !"!" + !!" 𝜈 !"!" = −𝐽                     (2-19) 
where A is the vector potential function; J is the current density; and ν is the reluctivity. 
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For a two-dimensional case in the XY plane with Z-directed currents as in Figure 
2.4, assuming that the current densities and the reluctivities, which are specified at the 
center points of the meshes, are uniform over the area of each mesh, the discretization 
equation can be derived as follows. 𝐴! = (𝐽! + 𝛼!𝐴!!!!! )/ 𝛼!!!!!                     (2-20) 
with            
    
𝛼! = !!!! 𝜈!ℎ! + 𝜈!ℎ!𝛼! = !!!! (𝜈!ℎ! + 𝜈!ℎ!)𝛼! = !!!! (𝜈!ℎ! + 𝜈!ℎ!)𝛼! = !!!! 𝜈!ℎ! + 𝜈!ℎ!
                     (2-21) 
𝐽! = !! (𝐽!ℎ!ℎ! + 𝐽!ℎ!ℎ! + 𝐽!ℎ!ℎ! + 𝐽!ℎ!ℎ!)      (2-22) 
where Ji is the current density at point i (i= 0, 1, 2, 3, 4); and ℎ! is the distance from 
point i to the origin. 
Then Equation (2-20) is used to evaluate the potential at all nodes. The equations 
of all nodes can be shown in matrix notation, and can be solved upon introduction of 
boundary conditions. 
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Figure 2.4 Typical grid point 0 with its surrounding meshes and grid points [27]. 
2.2.3 Finite element equation for magnetic fields 
The problem of a two-dimensional static magnetic field in cylindrical coordinates 
can be described by [13] 𝐼 𝐴 = !!!𝐵!𝑟𝑑𝑟𝑑𝑧 − 2𝜋 𝐽𝐴𝑟𝑑𝑟𝑑𝑧! + 2𝜋 !!!! (!! 𝑓!𝐴! − 𝑓!𝐴)𝑟𝑑𝑙! A|!! = 𝑔(𝐿)                                 
(2-23) 
where I is the magnetic energy; A is the vector potential function; B is the vector of 
magnetic flux density; J is the current density; 𝜇 is the permeability; and Γ!, Γ! are the 
contours of the boundary with the boundary conditions of the first and second kind, 
respectively. 
I(A) can be divided into three parts as in Equation (2-24). 𝐼 𝐴 = 𝐼! 𝐴 + 𝐼! 𝐴 + 𝐼! 𝐴                 (2-24) 
The first part of Equation (2-24) is 𝐼! 𝐴 = !! [𝐴]! 𝐾 [𝐴]                       (2-25) 
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The elements of matrix K are  𝐾!" = 𝐾!" = !!! ∙ !!!! 𝑏!𝑏! + 𝑐!𝑐!            (𝑟, 𝑠 = 𝑖, 𝑗,𝑚)       (2-26) 𝑟! = !! (𝑟! + 𝑟! + 𝑟!)                              (2-27) 𝑏! = 𝑧! − 𝑧!      𝑏! = 𝑧! − 𝑧!     𝑏! = 𝑧! − 𝑧!  𝑐! = 𝑟! − 𝑟!        𝑐! = 𝑟! − 𝑟!      𝑐! = 𝑟! − 𝑟!             (2-28) 
where S is the area of the triangle. 
The second part of Equation (2-24) is 𝐼! 𝐴 = !!! 𝐽!𝑟!𝑆 𝐴! + 𝐴! + 𝐴! = 𝐴 [𝑃]                 (2-29) 
where 𝐽! is the current density which is assumed uniform within the element. 
For inhomogeneous boundary conditions of the third kind, the contribution of the 
boundary value is only given by the boundary edges of the element which lies on the 
boundary, supposing 𝑗𝑚 is the edge in Figure 2.2.  
The third part of Equation (2-24) is 𝐼! 𝐴 = 2𝜋 !! (!! 𝑓!𝐴! − 𝑓!𝐴)𝑟𝑑𝑙!"               (2-30) 
The total matrix corresponding to I2(A) and I3(A) is 
𝑃 = 𝑃!𝑃! + !!!!!! 𝑓!!(𝑟! + !! 𝑟!)𝑃! + !!!!!! 𝑓!!(𝑟! + !! 𝑟!)                 (2-31)               
where 𝑙! is the length of the edge; f1a, f2a are the average boundary conditions along the 
edge. 
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The element coefficients matrix considering the element along the 
inhomogeneous boundary is 
𝐾 = 𝑘!! 𝑘!" 𝑘!"𝑘!" 𝑘!! + !!!!!!!! (𝑟! + !!! ) 𝑘!" + !!!!!!!! (𝑟! + 𝑟!)𝑘!" 𝑘!" + !!!!!!!! (𝑟! + 𝑟!) 𝑘!! + !!!!!!!! (𝑟! + !!! )       (2-32) 
The final equation is 
[K][A] = [P]                         (2-33) 
Once the value of A is obtained by solving Equation (2-33), the value of B can be 
calculated by the following equations. 𝐵! = − !"!"𝐵! = !! + !"!"                         (2-34) 𝐵! = 𝐵!! + 𝐵!!                        (2-35) 
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3. Electric Fields 
This chapter details the calculation approach for determining the electric fields 
and the technique is applied to 500 kV transmission lines. 
3.1 Theory 
The charge simulation method, which assumes that the line is infinitely long and 
parallel to the ground, is used because it can deal with open boundary conditions and the 
parameters in the calculation are easy to adjust. The ground effect is simulated by placing 
image conductors as portrayed in Figure 3.1. Then the electric field can be calculated for 
a given voltage and conductor arrangement of the transmission line.  
 
Figure 3.1 Transmission line arrangement for electric field calculation. 
The equations used in the electric field calculation are as follows [28]. 
The distance between conductor k and conductor l is 
𝑑!" = (𝑥! − 𝑥!)! − (𝑦! − 𝑦!)!      𝑘 ≠ 𝑙𝑟!             𝑘 = 𝑙              (3.1) 
where x!, x!, y!, and y! are the conductor center point coordinates; and r! is the conductor 
radius.  
Y
Q0 = QA
 Q1= QB
Q2 = QC
- Q0= - QA
- Q1 = - QB - Q2 = - QC
 - y0
y0
x0
x1 , y 1
x2 , y 2
 x0
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x3 , y 3
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x4 , y 4
 Q4= QG2
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x4 , -y 4
 -Q4= -QG2 x3 , -y 3
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The distance between conductor k and image conductor l is 𝐷!" = 𝑥! − 𝑥! ! − 𝑦! + 𝑦! !                     (3.2) 
The elements of the potential coefficients matrix (P) are formed using 𝑝!" = !!!!! ln !!"!!"                              (3.3) 
where ε! is the free space permittivity. 
The vector of charges is 
Q = P-1 ∙ Vln                                                  (3.4) 
where Vln is the line-to-ground voltage vector; Q is the vector of conductor charges; and P 
is the potential coefficient matrix. 
The distance between conductor k and a selected point with coordinates of x, y is 
 dis 𝑥,𝑦, 𝑘 = (x− x!)! + (y− y!)!                  (3.5) 
The magnitude of the electric field and its angle generated by conductor k are E! x, y, k = !!!"!!!"#(!,!,!)                            (3.6) ϕ! x, y, k = acos ( !!!!!"# !,!,! )                         (3.7) 
The x component of the positive field vector is E!" 𝑥, y, k = E! 𝑥,𝑦, k ∙ cos (ϕ! 𝑥,𝑦, k )              (3.8) 
The y component of the positive field vector is E!" 𝑥, y, k = E! 𝑥,𝑦, k ∙ sin(ϕ! 𝑥,𝑦, k )               (3.9) 
where Q! is the charge per unit length on conductor k. 
The distance between the image charges and a selected point in the space is Dis 𝑥, y, k = (x− x!)! + (y+ y!)!                  (3.10) 
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The magnitude of the electric field and its angle generated by the image conductor 
k are E! 𝑥, y, k = !!!!"!!!"#(!,!,!)                            (3.11) ϕ! 𝑥,𝑦, k = acos ( !!!!!!"# !,!,! )                         (3.12) 
The x- and y-components of negative field vector are E!" 𝑥, y, k = E! 𝑥,𝑦, k ∙ cos (ϕ! 𝑥,𝑦, k )               (3.13) E!" 𝑥, y, k = E! 𝑥,𝑦, k ∙ sin(ϕ! 𝑥,𝑦, k )                (3.14) 
The x- and y-components of the total field are E! x, y = (E!" x, y, k + E!" x, y, k )!                (3.15) E! x, y = (E!" x, y, k + E!" x, y, k )!                (3.16) 
The total electric field magnitude is 
E!"# x, y = ( E! x, y )! + ( E! x, y )!             (3.17) 
3.2 Simulation results without shield conductors 
3.2.1 Electric fields generated by different conductor arrangements 
In this section, the impact of conductor arrangements on the electric fields 
generated by 500 kV transmission lines is studied. The electric fields are simulated for 
the triangular arrangement, the horizontal arrangement and the vertical arrangement, 
respectively. The coordinates of the phase conductors are established according to the 
transmission line reference book [29], as given in Table 3.1. The outside radius of the 
phase conductor is 4.78 cm, and the bundle spacing is 44.45 cm. The equivalent radius of 
the two-conductor bundle is 14.6 cm, which is computed by 4.78 ∗ 44.45. The radius 
of the shield conductor is 0.0228 cm. 
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Table 3.1 Coordinates of Phase Conductors 
Conductor 
Arrangement 
Conductor Coordinates (m) 
xa ya xb yb xc yc 
Triangular -9.22 27.43 0 32.00 9.22 27.43 
Horizontal -9.45 30.48 0 30.48 9.45 30.48 
Vertical 0 22.86 0 32.00 0 41.14 
The electric field distribution at 1 m from the ground for these different 
arrangements is shown in Figure 3.2. It can be seen that: 
1. The maximum field for both the triangular and horizontal arrangements occurs 
approximately at the location whose distance to the middle conductor b is twice that to 
the outside conductors a and c, and the maximum field for the vertical arrangement 
occurs, as expected, directly under the middle phase conductor. The field decreases by 
increasing the distance from the conductors. 
2. In this case, the maximum field magnitude for the horizontal arrangement is 
1.31 kV/m, which is 21% lower than that for the triangular arrangement (1.66 kV/m), and 
48% lower than that for the vertical arrangement (2.50 kV/m). 
3. Since the curves for different phase arrangements under the same conductor 
arrangement overlay each other, the phase arrangement has no impact on the curves in 
this figure. 
4. It is found that the curves for both the positive and negative sequences under 
the same conductor arrangement overlay each other. 
5. The vertical arrangement would be best for minimizing right of way 
considerations. Although its maximum magnitude is largest among the three conductor 
arrangements, the field decreases more rapidly as the distance increases, and is negligible 
beyond 30 m from the conductors. 
  
22 
   
 
Figure 3.2 Electric field distribution at 1 m from the ground for different conductor 
arrangements. 
3.2.2 Electric fields generated by different heights of phase conductors 
In this section, the impact of the height of the phase conductors on the electric 
fields is studied for the three different arrangements. 
For each arrangement, the fields are simulated under five conditions with only 
different heights, and for each condition, the height of each phase conductor is 2 m higher 
than that of its previous one. The coordinates under different conditions for the three 
arrangements are shown in Table 3.2, Table 3.3 and Table 3.4, and the simulation results 
are shown in Figure 3.3, Figure 3.4 and Figure 3.5, respectively. 
For the triangular and horizontal arrangements, the electric fields at 1 m from the 
ground decrease with increasing heights of the phase conductors as expected. However, 
for the vertical arrangement, the fields decrease with increasing heights except when the 
horizontal position of the location computed is between 20 m and 40 m, or between -20 
m and -40 m approximately. 
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Table 3.2 Coordinates of the Triangular Arrangement for Different Heights 
Triangular 
Arrangement 
Conductor Coordinates (m) 
xa ya xb yb xc yc 
1 -9.22 27.43 0 32 9.22 27.43 
2 -9.22 29.43 0 34 9.22 29.43 
3 -9.22 31.43 0 36 9.22 31.43 
4 -9.22 33.43 0 38 9.22 33.43 
5 -9.22 35.43 0 40 9.22 35.43 
 
 
Figure 3.3 Field distribution at 1 m for different heights of the triangular arrangement. 
 
Table 3.3 Coordinates of the Horizontal Arrangement for Different Heights 
Horizontal 
Arrangement 
Conductor Coordinates (m) 
xa ya xb yb xc yc 
1 -9.45 30.48 0 30.48 9.45 30.48 
2 -9.45 32.48 0 32.48 9.45 32.48 
3 -9.45 34.48 0 34.48 9.45 34.48 
4 -9.45 36.48 0 36.48 9.45 36.48 
5 -9.45 38.48 0 38.48 9.45 38.48 
  
24 
   
 
Figure 3.4 Field distribution at 1 m for different heights of the horizontal arrangement. 
 
Table 3.4 Coordinates of the Vertical Arrangement for Different Heights 
Vertical 
Arrangement 
Conductor Coordinates (m) 
xa ya xb yb xc yc 
1 0 22.86 0 32.00 0 41.14 
2 0 24.86 0 34.00 0 43.14 
3 0 26.86 0 36.00 0 45.14 
4 0 28.86 0 38.00 0 47.14 
5 0 30.86 0 40.00 0 49.14 
 
For all the three conductor arrangements, the maximum electric field magnitudes 
decrease with the heights, as shown in Table 3.5. For each conductor arrangement, the 
reduction of the maximum magnitude for a certain condition compared with its previous 
one is lower than that of its previous condition. It can be concluded that when the 
conductors are at low heights, the generated electric fields could be reduced significantly 
by increasing the heights, but increasing the heights gradually results in diminishing 
return in terms of the field reduction. 
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Figure 3.5 Field distribution at 1 m for different heights of the vertical arrangement. 
 
Table 3.5 Maximum Electric Field Magnitudes under Different Conditions 
Condition Emax (kV/m) Triangular Horizontal Vertical 
1 1.656 1.312 2.502 
2 1.454 1.165 2.182 
3 1.287 1.041 1.921 
4 1.148 0.935 1.706 
5 1.030 0.845 1.525 
 
3.3 Simulation results with shield conductors 
In this section, the impact of the shield conductors on the electric fields generated 
by 500 kV power lines is studied. The coordinates of the shield conductors for the three 
conductor arrangements, which are determined according to [29], are shown in Table 3.6. 
The phase conductor coordinates are the same as those in Table 3.1. 
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Table 3.6 Coordinates of the Shield Conductors 
Conductor 
Arrangement 
Conductor Coordinates (m) 
x1 y1 x2 y2 
Triangular -4.72 37.64 4.72 37.64 
Horizontal -5.49 36.58 5.49 36.58 
Vertical -3.05 45.71   
 
 
Figure 3.6 Electric field distribution at 1 m from the ground for different conductor 
arrangements with shield conductors. 
It can be seen from Figure 3.6 that the distribution of the fields for the three 
conductor arrangements with shield conductors is very similar to that in Figure 3.2 for the 
three arrangements without shield conductors. The maximum magnitudes at 1 m from the 
ground for these two conditions are shown in Table 3.7. 
Table 3.7 Maximum Field Magnitude With and Without Shield Conductors 
Conductor 
Arrangement 
Emax (kV/m) 
With shield conductors Without shield conductors 
Triangular 1.693 1.656 
Horizontal 1.278 1.312 
Vertical 2.608 2.502 
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The field distributions for the triangular, horizontal, and vertical conductor 
arrangements with and without shield conductors at 1 m from the ground are compared in 
Figure 3.7, Figure 3.8 and Figure 3.9, respectively. For each arrangement with and 
without shield conductors, the locations where the maximum field exists are identical. It 
can be seen that the maximum field magnitudes for the three conductor arrangements 
with shield conductors are larger than that without shield conductors except for the 
horizontal arrangement because both the x- and y-components of the total field are 
increased for the triangular and vertical arrangements, and both the x- and y-components 
of the field are decreased for the horizontal arrangement due to the shield conductors. 
For the triangular and horizontal arrangements, the curves with and without shield 
conductors are all symmetrical with respect to the axis of x = 0 because the fields 
produced by the conductors whose coordinates are symmetrical with respect to that axis 
are symmetrical; the difference between the fields with and without shield conductors is 
negligible at the location where the horizontal distance is larger than 40 m to the middle 
phase conductor, as can be seen from Figure 3.7 and Figure 3.8. However, for the vertical 
conductor arrangement, the curve with shield conductors is asymmetrical with respect to 
the axis of x = 0 because the coordinate of the shield conductor is asymmetrical with 
respect to that axis; the fields with shield conductors become lower than that without 
shield conductors if the horizontal distance between the location and the phase 
conductors is larger than 40 m.  
  
28 
   
 
Figure 3.7 Electric field distribution at 1 m from the ground for the triangular conductor 
arrangement. 
 
 
Figure 3.8 Electric field distribution at 1 m from the ground for the horizontal conductor 
arrangement.  
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Figure 3.9 Electric field distribution at 1 m from the ground for the vertical conductor 
arrangement. 
3.4 Electric fields generated by unbalanced voltage magnitude 
In this part, the electric fields produced by unbalanced voltage magnitudes for the 
500 kV transmission line at 1 m height from the ground are studied for the three 
conductor arrangements. 
3.4.1 Electric fields for one phase with unbalanced voltage 
The electric field distributions for only one phase with unbalanced voltage are 
shown in Figure 3.10, Figure 3.11 and Figure 3.12 respectively.  
From Figure 3.10 and Figure 3.11, it is can be seen that for the triangular and 
horizontal arrangements, if the voltage of phase a or c is unbalanced (3% larger), the 
curve is asymmetrical, while the electric field increases on the side of the unbalanced 
phase conductor. For the triangular arrangement, the maximum electric fields at 1 m from 
the ground for phase a, phase b, and phase c with unbalanced voltage are 1.767 kV/m, 
1.677 kV/m and 1.767 kV/m, respectively, in comparison to the balanced maximum 
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value of 1.693 kV/m. The maximum field for phase a or c with unbalanced voltage is 4% 
larger than that of the balanced condition, due to the increase of both the x- and 
y-components of the total field. The maximum field for phase b with unbalanced voltage 
is 0.8% lower than that of the balanced condition, resulting from the decrease of both the 
x- and y-components of the total field. 
 
Figure 3.10 Electric field distribution at 1 m from the ground for one phase with 
unbalanced voltage magnitude for the triangular arrangement. 
According to Figure 3.11, for the horizontal arrangement, if the voltage 
magnitude of the conductor is 3% larger than the balanced value, the maximum fields at 1 
m height for phase a, b, and c with unbalanced voltage are 1.337 kV/m, 1.271 kV/m and 
1.337 kV/m, which are increased by 4%, -0.5%, and 4%, respectively, in comparison to 
the balanced maximum value of 1.278 kV/m. For phase a or c with unbalanced voltage, 
the increase in the maximum value is due to the larger increase in the y-component 
compared with the little decrease in the x-component of the total field, but for phase b 
with unbalanced voltage, the decrease in the maximum value of the field results from the 
larger decrease in the y-component compared with the increase in the x-component. 
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Figure 3.11 Electric field distribution at 1 m from the ground for one phase with 
unbalanced voltage magnitude for the horizontal arrangement. 
According to Figure 3.12, the electric field for the vertical arrangement is 
increased significantly when the voltage magnitude of phase a is unbalanced (+3%), 
resulting from the much larger increase in the y-component compared with the little 
decease in the x-component of the total field, whereas when the voltage magnitude of 
phase b or c is 3% larger than that of the balanced condition, the electric field is smaller 
than that of the balanced condition, due to the large reduction of y-components of the 
total field. The maximum fields for phase a, b, and c with unbalanced voltage magnitude 
are 2.716 kV/m, 2.596 kV/m and 2.592 kV/m, which are 4% larger, 0.4% smaller, and 
0.6% smaller than the balanced maximum value of 2.608 kV/m, respectively. 
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Figure 3.12 Electric field distribution at 1 m from the ground for one phase with 
unbalanced voltage magnitude for the vertical arrangement. 
3.4.2 Electric fields for two phases with unbalanced voltage magnitudes 
The field distributions for two phases with unbalanced voltage magnitudes (one 
phase 3% larger, and one phase 3% smaller) for the three conductor arrangements are 
shown in Figure 3.13, Figure 3.14 and Figure 3.15, respectively.  
 
Figure 3.13 Electric field distribution at 1 m from the ground for two phases with 
unbalanced voltage magnitudes for the triangular arrangement. 
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For the triangular arrangement, the maximum fields for phases a (+3%) and b 
(-3%), phases b (+3%) and c (-3%), and phases c (+3%) and a (-3%) with unbalanced 
voltage magnitudes are 1.779 kV/m, 1.692 kV/m, and 1.780 kV/m, respectively, which 
are 0.7% larger, 0.9% larger, and 0.7% larger than that for phase a, phase b, and phase c 
individually with 3% larger voltage magnitude, respectively. The unbalanced voltage 
magnitudes of two phases result in the increase of the total field.  
For the horizontal arrangement, the maximum fields for phases a (+3%) and b 
(-3%), phases b (+3%) and c (-3%), and phases c (+3%) and a (-3%) with unbalanced 
voltage magnitudes are 1.345 kV/m, 1.284 kV/m, and 1.350 kV/m, which are 0.6% larger, 
1% larger, and 1% larger than that for phase a, phase b, and phase c individually with 3% 
larger current magnitude, respectively, as shown in Figure 3.14. 
 
Figure 3.14 Electric field distribution at 1 m from the ground for two phases with 
unbalanced voltage magnitudes for the horizontal arrangement. 
For the triangular and horizontal arrangements, the value of the maximum field is 
related to the location of the conductors with unbalanced voltage magnitudes, regardless 
of the phase arrangements of the conductors. For phases a (-3%) and b (+3%), phases b 
  
34 
   
(-3%) and c (+3%), and phases c (-3%) and a (+3%) with unbalanced voltage magnitudes, 
the maximum fields are the same as that for phases b (+3%) and c (-3%), phases a (+3%) 
and b (-3%), and phases c (+3%) and a (-3%) with unbalanced voltage magnitudes, 
respectively. For these two arrangements, the locations of the conductors of phases a and 
c are symmetrical with respect to the y-axis, where the conductor of phase b is, 
consequently the maximum values for phases a (-3%) and b (+3%), and phases b (+3%) 
and c (-3%) with unbalanced currents are the same. 
 
Figure 3.15 Electric field distribution at 1 m from the ground for two phases with 
unbalanced voltage magnitudes for the vertical arrangement. 
For the vertical arrangement, the maximum fields for phases a (+3%) and b (-3%), 
and phases b (+3%) and c (-3%) with unbalanced voltage magnitudes are 2.730 kV/m, 
and 2.612 kV/m, which are 0.5% larger, and 0.6% larger than that for phase a, and phase 
b with unbalanced voltage magnitude individually, respectively. But for phases c (+3%) 
and a (-3%) with unbalanced voltage magnitudes, the maximum field is 2.484 kV/m, 
which is 4% smaller than that for phase c with unbalanced magnitude (+3%) individually. 
The maximum fields at 1 m for phases a (-3%) and b (+3%), phases b (-3%) and c (+3%), 
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and phases c (-3%) and a (+3%) with unbalanced currents are 2.489 kV/m, 2.605 kV/m, 
and 2.732 kV/m, which are 8.4% smaller, 0.5% larger, and 5.4% larger than that for 
phase a, phase b, and phase c individually with 3% larger current magnitude, 
respectively.  
3.5 Three-dimensional plots of the electric fields 
The three-dimensional plots of the electric field distributions below the 500 kV 
transmission line in Figures 3.16, 3.17 and 3.18 are for the triangular, horizontal and 
vertical conductor arrangements, respectively. The plots demonstrate that 
telecommunications equipment and workers who service that equipment are exposed to 
much larger fields than those near the Earth’s surface. 
According to IEEE, the permissible electric field exposure level for the general 
public is 5 kV/m [30], while in Japan, the permissible electric field level is 3 kV/m [31].  
For the triangular arrangement with the lowest conductor height of 27.43 m, the 
field will exceed the permissible value for the general public when the elevation is higher 
than 13 m under the side conductors. For workers who need to climb up the tower to 
service the line, the field can be 62.87 kV/m if they climb up to the elevation of 26 m 
under the side conductor, which is about 12 times larger than the permissible exposure 
level of 5 kV/m. 
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Figure 3.16 Electric field strength below the 500 kV transmission line for the triangular 
arrangement. 
 
Figure 3.17 Electric field strength below the 500 kV transmission line for the horizontal 
arrangement. 
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Figure 3.18 Electric field strength below the 500 kV transmission line for the vertical 
arrangement. 
For the horizontal arrangement with the lowest conductor height of 30.48 m, the 
electric field will be within the permissible level if the elevation is lower than 16 m under 
the side conductor. For workers serving the line, the field can be 41.5 kV/m if they climb 
up to 28 m under the side conductor, which is about 8 times larger than the permissible 
level of 5 kV/m. 
For the vertical arrangement with the lowest conductor height of 22.86 m, the 
field will exceed the permissible exposure level if the elevation is larger than 6 m under 
the phase conductors. And if the elevation is 38 m under the phase conductor, the field 
can be as high as 50.65 kV/m, which is 10 times larger than the permissible electric field 
level of 5 kV/m. 
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4. Magnetic Fields 
This chapter illustrates the computational approach for determining the magnetic 
fields produced by power lines and the technique is applied to the 500 kV transmission 
lines with currents of 2000 A. 
4.1 Theory 
The magnetic field in this work is calculated according to Ampere’s law. The 
equations used in the calculation are introduced in this section. 
The magnetic field intensity (H) outside a conductor is [28] H x, y = !!!"! = !!!" (!!!!)!!(!!!!)!                        (4.1) 
where I! is the conductor current; x!, y! are the conductor center-point coordinates; x, y are the coordinates of an arbitrarily selected point; and d is the distance between the 
selected point and the conductor. 
y
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Figure 4.1 Magnetic field vector (current into the page). 
From the larger triangle of Figure 4.1, the cosine and sine of θ are cosθ = !!!!(!!!!)!!(!!!!)!                        (4.2) 
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sinθ = !!!!(!!!!)!!(!!!!)!                        (4.3) 
The x- and y-components of the magnetic field are H! x, y = !!!"! sin θ = I! ∙ !!!!!"[(!!!!)!!(!!!!)!]              (4.4) H! x, y = !!!"! cos θ = I! ∙ !!!!!"[(!!!!)!!(!!!!)!]              (4.5) 
The corresponding magnitude of the total field is 
H(x, y) = H! x, y ! + H! x, y !                     (4.6) 
The magnetic flux density B is B(x, y) = µ!H(x, y)                                  (4.7) 
where µ! is the free space permeability. 
4.2 Magnetic fields generated by different conductor arrangements 
In this section, the impact of conductor arrangements on the magnetic fields 
generated by 500 kV transmission lines with currents of 2000 A is studied. The magnetic 
fields are simulated for the triangular, the horizontal, and the vertical arrangements. The 
coordinates of the phase conductors for the three arrangements are in Table 3.1. 
The magnetic field distributions at 1 m from the ground for the three different 
conductor arrangements are shown in Figure 4.2. It can be seen that: 
1. The maximum magnetic flux densities are 81.74 mG, 69.48 mG, and 73.21 mG 
for the triangular, horizontal and vertical arrangement, respectively, and all of them occur 
at x = 0 m.  
2. Similar to the electric fields, the curves for different phase sequences under the 
same conductor arrangement overlay each other. 
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3. Unlike the electric field, the shapes of the curves of the magnetic field for the 
three different conductor arrangements are similar.  
 
Figure 4.2 Magnetic flux density under the line at 1 m from the ground. 
4.3 Magnetic fields generated by different heights of phase conductors 
Similar to the electric fields, the impact of the height of the phase conductors on 
the magnetic fields is studied for the three different arrangements in this section. For each 
arrangement, the fields are simulated under five conditions identical to that in section 
3.2.2, with the coordinates for the three arrangements under these different conditions in 
Table 3.2, Table 3.3 and Table 3.4. For each condition, the height of each phase 
conductor is 2 m higher than that of its previous one. The simulation results are shown in 
Figures 4.3, 4.4 and 4.5, and Table 4.1 illustrates the maximum magnetic fields for each 
arrangement under those five conditions. 
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Figure 4.3 Magnetic fields at 1 m for different heights of the triangular arrangement. 
 
 
Figure 4.4 Magnetic fields at 1 m for different heights of the horizontal arrangement. 
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Figure 4.5 Magnetic fields at 1 m for different heights of the vertical arrangement. 
For all three arrangements, the magnetic fields at 1 m height from the ground 
decrease with increasing heights of the phase conductors as shown in Table 4.1. Similar 
to the electric field, when the conductors are at low heights, the generated magnetic fields 
could be reduced significantly by increasing the heights, but increasing the heights 
gradually results in diminishing return in terms of the field reduction. 
For each arrangement, the magnitudes of the magnetic fields under the five 
different conditions are close to each other at the location where the horizontal distance to 
the middle phase conductor is larger than 80 m.  
Table 4.1 Maximum Magnetic Field Magnitudes under Different Conditions 
Condition Bmax (mG) Triangular Horizontal Vertical 
1 81.74 69.48 73.21 
2 71.77 61.51 63.78 
3 63.48 54.81 56.10 
4 56.52 49.14 49.76 
5 50.62 44.28 44.45 
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4.4 Magnetic fields generated by unbalanced current magnitude 
In this part, the magnetic fields at 1 m height from the ground produced by 
unbalanced current magnitudes for the 500 kV transmission line are simulated, assuming 
that the balanced current magnitude is 2000 A. 
4.4.1 Magnetic fields for one phase with unbalanced current 
The magnetic field distributions for only one phase with unbalanced current are in 
Figures 4.6, 4.7 and 4.8, respectively. 
According to Figure 4.6, for the triangular conductor arrangement, if the current 
of phase a or c is 3% larger than the balanced one, the magnetic field increases on the 
side of the unbalanced phase conductor, with the maximum magnetic field increased by 
1.79% resulting from the increase of both the x-component and the y-component of the 
total field. However, if the current of phase b (center conductor) is unbalanced (+3% 
larger), the maximum magnetic field is decreased by 0.23% due to the decrease of the 
x-component of the total field. The maximum magnetic fields at 1 m from the ground for 
phase a, phase b, and phase c with unbalanced current are 83.20 mG, 81.55 mG, and 
83.20 mG, in comparison to the balanced maximum value of 81.74 mG.  
From Figure 4.7, for the horizontal conductor arrangement, if the current of one 
phase conductor is unbalanced (3% larger), the field increases on the side of that 
conductor. The maximum magnetic field at 1 m from the ground for phase a, phase b, and 
phase c with unbalanced current are 70.25 mG, 70.33 mG, and 70.25 mG, which are 
increased by 1.1%, 1.2%, and 1.1%, respectively, in comparison to the balanced 
maximum value of 69.48 mG. For phase a or c with unbalanced current, the increase in 
the maximum value is due to the larger increase in the y-component than the decrease in 
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the x-component of the total field, but for phase b with unbalanced current, the increase 
in the maximum value of the total field results from the increase in the x-component and 
no change in the y-component. 
For the vertical arrangement, the magnetic field is increased when the current 
magnitude of phase a is unbalanced (+3%), whereas when the current magnitude of phase 
b or c is 3% larger, the maximum field magnitude is decreased due to the reduction of the 
x-component of the total field. The maximum values of the magnetic fields at 1 m for 
phase a, phase b, and phase c with unbalanced current magnitude are 78.38 mG, 72.66 
mG, and 70.93 mG, which are increased by 7.06%, -0.75%, and -3.11%, respectively, as 
can be seen in Figure 4.8.   
 
 
Figure 4.6 Magnetic flux density at 1 m from the ground for one phase with unbalanced 
current magnitude for the triangular arrangement. 
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Figure 4.7 Magnetic flux density at 1 m from the ground for one phase with unbalanced 
current magnitude for the horizontal arrangement. 
 
Figure 4.8 Magnetic flux density at 1 m from the ground for one phase with unbalanced 
current magnitude for the vertical arrangement. 
4.4.2 Magnetic fields for two phases with unbalanced currents 
The magnetic flux densities at 1 m from the ground for two phases with 
unbalanced current magnitudes (one phase 3% larger, and one phase 3% lower) for the 
three conductor arrangements can be seen in Figures 4.9, 4.10, and 4.11.  
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For the triangular arrangement as can be seen from Figure 4.9, the maximum 
fields for phases a (+3%) and b (-3%), phases b (+3%) and c (-3%), and phases c (+3%) 
and a (-3%) with unbalanced current magnitudes are 83.66 mG, 80.38 mG, and 82.05 mG, 
which are about 0.55% larger, 1.43% smaller, and 1.38% smaller than that for phase a, 
phase b, and phase c individually with 3% larger current magnitude, respectively. 
Besides, for phases a (-3%) and b (+3%), phases b (-3%) and c (+3%), and phases 
c (-3%) and a (+3%) with unbalanced current magnitudes, the maximum fields are the 
same as that for phases b (+3%) and c (-3%), phases a (+3%) and b (-3%), and phases c 
(+3%) and a (-3%) with unbalanced current magnitudes, respectively. As long as the 
locations of the conductors under the same unbalanced conditions are the same, the 
magnitudes of the produced maximum fields will be identical, regardless of the different 
phase sequences of the conductors.  
For the triangular arrangement, the locations of the conductors of phases a and c 
are symmetrical with respect to the y-axis, where the conductor of phase b is, 
consequently the maximum values for phases a (-3%) and b (+3%), and phases b (+3%) 
and c (-3%) with unbalanced currents are the same. 
In this case, the maximum fields for phases b (+3%) and c (-3%) and for phases a 
(-3%) and b (+3%) with unbalanced currents are minimal. But if the conductors are 
transposed, the maximum field will be an average value for different conditions.  
For the horizontal arrangement, the simulation results are shown in Figure 4.10. 
The maximum fields at 1 m for phases a (+3%) and b (-3%), phases b (+3%) and c (-3%), 
and phases c (+3%) and a (-3%) with unbalanced currents are 69.74 mG, 69.88 mG, and 
69.98 mG, which are 0.73% smaller, 0.64% smaller, and 0.38% smaller than that for 
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phase a, phase b, and phase c individually with 3% larger current magnitude, 
respectively. 
For the triangular and horizontal arrangements, the value of the maximum field is 
related to the location of the conductors with unbalanced currents. For phases a (-3%) and 
b (+3%), phases b (-3%) and c (+3%), and phases c (-3%) and a (+3%) with unbalanced 
current magnitudes, the maximum fields are the same as that for phases b (+3%) and c 
(-3%), phases a (+3%) and b (-3%), and phases c (+3%) and a (-3%) with unbalanced 
current magnitudes, respectively. 
 
Figure 4.9 Magnetic flux density at 1 m from the ground for two phases with unbalanced 
current magnitudes for the triangular arrangement. 
According to Figure 4.11, one can see that for the vertical arrangement, the 
maximum fields at 1 m for phases a (+3%) and b (-3%), phases b (+3%) and c (-3%), and 
phases c (+3%) and a (-3%) with unbalanced currents are 79.21 mG, 75.08 mG, and 
65.76 mG, which are 1.06% larger, 3.33% larger, and 7.29% smaller than that for phase a, 
phase b, and phase c individually with 3% larger current magnitude, respectively. The 
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maximum fields at 1 m for phases a (-3%) and b (+3%), phases b (-3%) and c (+3%), and 
phases c (-3%) and a (+3%) with unbalanced currents are 67.65 mG, 71.78 mG, and 
80.65 mG, which are 15.86% smaller, 1.23% smaller, and 12.05% larger than that for 
phase a, phase b, and phase c individually with 3% larger current magnitude, 
respectively.  
 
Figure 4.10 Magnetic flux density at 1 m from the ground for two phases with 
unbalanced current magnitudes for the horizontal arrangement. 
 
Figure 4.11 Magnetic flux density at 1 m from the ground for two phases with 
unbalanced current magnitudes for the vertical arrangement. 
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Overall, the vertical arrangement experiences the largest rate of change of the 
maximum magnetic field at 1 m height from the ground, and the conductor with the 
lowest height has the largest impact on the produced field. 
4.5 Three-dimensional plots of the magnetic fields 
Three-dimensional plots of the magnetic flux densities below the 500 kV 
transmission line with current of 2000 A are shown in Figures 4.12, 4.13, and 4.14 for the 
triangular, horizontal and vertical arrangements, respectively. One can see that the impact 
of increasing vertical height is similar in the case of the magnetic field as compared to the 
electric field.  
 
Figure 4.12 Magnetic flux density below the 500 kV transmission line for the triangular 
arrangement. 
According to IEEE, the permissible magnetic field exposure level for the general 
public is 9040 mG [30], while in Japan, the permissible level is 2000 mG [32].  
For the triangular arrangement with the height of the lowest conductor of 27.43 m, 
the field can be as high as 3966 mG which is below the permissible exposure level for the 
general public of 9040 mG, but for workers servicing the line, the magnetic field can be 
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as high as 2000 mG if they climb up to 26 m elevation and near the side phase 
conductors.  
For the horizontal arrangement with the height of the lowest conductor of 30.48 m, 
the field can be as high as 8344 mG which is near the permissible exposure level of 9040 
mG. For workers servicing the line, the magnetic field can be 5000 mG if they climb up 
to 30 m.  
For the vertical arrangement with the height of the lowest conductor of 22.86 m, 
the maximum field can be 3882 mG, and the field decreases rapidly as the distance 
increases.  
 
 
Figure 4.13 Magnetic flux density below the 500 kV transmission line for the horizontal 
arrangement. 
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Figure 4.14 Magnetic flux density below the 500 kV transmission line for the vertical 
arrangement. 
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5. The Impact of Frequency on the Field 
This chapter deals with the time dependent electromagnetic fields generated by 
500 kV transmission lines when frequency is taken into account.  
5.1 Magnetic field dynamic trajectories 
The magnetic field is a function of position and time. For a steady-state sinusoidal 
current, the field varies sinusoidally with time at some arbitrary point of space, and each 
spatial component is a complex number. The magnitudes of the components are 
expressed by their root-mean-square values. 
A general representation of the steady-state sinusoidal magnetic field is a vector 
rotating in a plane where it describes an ellipse whose semimajor axis represents the 
magnitude and direction of the maximum value of the magnetic field, and whose 
semiminor axis represents the magnitude and direction of the field a quarter cycle later 
[33, 34].  
If frequency is taken into account, the magnetic field and its components at a 
given point are functions of time and can be computed as follows.     B! t = B!"#$ ∙ 𝑐𝑜𝑠(𝜔𝑡 + 𝑎𝑟𝑔(B!))            (5.1) B! t = B!"#$ ∙ 𝑐𝑜𝑠(𝜔𝑡 + 𝑎𝑟𝑔(B!))            (5.2) 
B t = B! t ! + B! t !                      (5.3) 
where 𝜔 is the angular velocity; and  𝐵!"#$, and 𝐵!"#$ are the rms values of the two 
orthogonal field components. 
The resultant magnetic field 𝐵! is given by the expression 𝐵! =  𝐵!"#$! + 𝐵!"#$!                        (5.4) 
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The resultant magnetic field is also given by the expression 
𝐵! =  𝐵!"#! + 𝐵!"#!                      (5.5) 
where 𝐵!"#, and 𝐵!"# are the rms values of the semimajor and semiminor axes of the 
magnetic field ellipse, respectively. 
For each of the three different conductor arrangements, the dynamic trajectories 
of the magnetic field with time for four selected points at 1 m height from the ground are 
simulated. The coordinates of the four points are (5, 1) m, (-5, 1) m, (30, 1) m, and (-30, 1) 
m. 
For the triangular arrangement, the simulation results are shown in Figures 5.1 
and 5.2 for the four points. Figures 5.3 and 5.4 are for the horizontal arrangement, and 
Figures 5.5 and 5.6 are for the vertical arrangement. The rms values of the semimajor and 
semiminor axes of the field ellipse (𝐵!"# and 𝐵!"#), as well as the the rms values of the 
two orthogonal field components (𝐵!"#! and 𝐵!"#$) of the four points are shown in 
Tables 5.1, 5.2 and 5.3 for the three different conductor arrangements, respectively. It can 
be concluded that: 
1. For all three conductor arrangements, the dynamic trajectory of the magnetic 
field at any point is symmetric with respect to the origin. 
2. For the triangular and horizontal arrangements, the directions of the trajectories 
are all clockwise and counterclockwise respectively at these four points, and at the other 
points, it is still the case. But for the vertical arrangement, the directions of the 
trajectories are reversed at two points whose absolute value of x coordinates are equal 
and the sign of x coordinates are opposite, such as points of (5, 1) m and (-5, 1) m. 
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3. For all three conductor arrangements, the trajectories of two points whose x 
coordinates are opposite in sign and equal in absolute value at a fixed height are axially 
symmetric with respect to the axis of Bx = 0.  
4. For all three arrangements, the value of the semimajor axis of the field (𝐵!"#) 
decreases with the increasing absolute value of horizontal coordinate (x position). This is 
because the total field decreases with the increasing horizontal distance to the origin. 
5. The values of the resultant magnetic field 𝐵! calculated by the two formulas 
(Eqs. (5.4) and (5.5)) turn out to be exactly the same. The values of 𝐵!"#$ and 𝐵!"#$ 
are identical, and the values of 𝐵!"# and 𝐵!"# are also the same at two points whose x 
coordinates are opposite in sign and equal in absolute value at a fixed height, such as two 
points whose coordinates are (30, 1) m and (-30, 1) m. 
Table 5.1 Magnetic Field Values for the Triangular Arrangement 
Coordinates 
of Points (m) 
Magnetic Field Values (mG) 
𝐵!"#$ 𝐵!"#$ 𝐵!"#$! + 𝐵!"#$!  𝐵!"# 𝐵!"# 𝐵!"#! + 𝐵!"#!  
(5, 1) 19.1006 53.1005 56.4314 56.2622 4.3662 56.4314 
(-5, 1) 19.1006 53.1005 56.4314 56.2622 4.3662 56.4314 
(30, 1) 28.4553 5.6011 29.0013 28.5736 4.9623 29.0013 
(-30, 1) 28.4553 5.6011 29.0013 28.5736 4.9623 29.0013 
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Figure 5.1 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 5 m for the triangular arrangement. 
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Figure 5.2 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 30 m for the triangular arrangement. 
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Figure 5.3 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 5 m for the horizontal arrangement. 
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Figure 5.4 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 30 m for the horizontal arrangement. 
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Figure 5.5 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 5 m for the vertical arrangement. 
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Figure 5.6 Dynamic trajectories of magnetic flux density vector with time at 1 m height 
with horizontal distance of 30 m for the vertical arrangement. 
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Table 5.2 Magnetic Field Values for the Horizontal Arrangement 
Coordinates 
of Points (m) 
Magnetic Field Values (mG) 
𝐵!"#$ 𝐵!"#$ 𝐵!"#$! + 𝐵!"#$!  𝐵!"# 𝐵!"# 𝐵!"#! + 𝐵!"#!  
(5, 1) 16.1828 45.2726 48.0779 47.3198 8.5046 48.0779 
(-5, 1) 16.1828 45.2726 48.0779 47.3198 8.5046 48.0779 
(30, 1) 26.2494 2.6040 26.3782 26.2717 2.3683 26.3782 
(-30, 1) 26.2494 2.6040 26.3782 26.2717 2.3683 26.3782 
 
Table 5.3 Magnetic Field Values for the Vertical Arrangement 
Coordinates 
of Points (m) 
Magnetic Field Values (mG) 
𝐵!"#$ 𝐵!"#$ 𝐵!"#$! + 𝐵!"#$!  𝐵!"# 𝐵!"# 𝐵!"#! + 𝐵!"#!  
(5, 1) 46.9538 17.3475 50.0559 50.0389 1.3040 50.0559 
(-5, 1) 46.9538 17.3475 50.0559 50.0389 1.3040 50.0559 
(30, 1) 2.0936 24.1606 24.2511 24.1652 2.0398 24.2511 
(-30, 1) 2.0936 24.1606 24.2511 24.1652 2.0398 24.2511 
 
5.2 Electric field dynamic trajectories 
For a steady-state sinusoidal voltage, the electric field produced is also a function 
of position and time. It varies sinusoidally with time at some arbitrary point of space, and 
each spatial component is a complex number. The magnitudes of the components are 
expressed by their root-mean-square values. 
A general representation of steady-state sinusoidal electric field is a vector 
rotating in a plane where it describes an ellipse whose semimajor axis represents the 
magnitude and direction of the maximum value of the field, and whose semiminor axis 
represents the magnitude and direction of the field a quarter cycle later [33, 34].  
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If frequency is taken into account, the electric field and its components at a given 
point are functions of time and can be computed as follows.     E! t = E!"#$ ∙ 𝑐𝑜𝑠(𝜔𝑡 + 𝑎𝑟𝑔(E!))           (5.6) E! t = E!"#$ ∙ 𝑐𝑜𝑠(𝜔𝑡 + 𝑎𝑟𝑔(E!))           (5.7) 
E t = E! t ! + E! t !                     (5.8) 
where 𝜔 is the angular velocity; and  𝐸!"#$, and 𝐸!"#$ are the rms values of the two 
orthogonal field components. 
The resultant electric field is given by the expression 𝐸! =  𝐸!"#$! + 𝐸!"#$!                        (5.9) 
The resultant electric field is also given by the expression 
𝐸! =  𝐸!"#! + 𝐸!"#!                         (5.10) 
where 𝐸!"#, and 𝐸!"# are the rms values of the semimajor and semiminor axes of the 
electric field ellipse, respectively. 
Like the magnetic field, for each of the three different conductor arrangements, 
the dynamic trajectories of the electric field with time for four selected points at 1 m 
height from the ground are simulated. The coordinates of the four points are (5, 1) m, (-5, 
1) m, (30, 1) m, and (-30, 1) m. 
The simulation results are shown in Figures 5.7 through 5.12 for the triangular, 
horizontal and vertical arrangements for the four points. The rms values of the semimajor 
and semiminor axes of the field ellipse (𝐸!"# and 𝐸!"#), as well as the the rms values of 
the two orthogonal field components (𝐸!"#$ and 𝐸!"#$) of the four points are shown in 
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Tables 5.4, 5.5 and 5.6 for the three different conductor arrangements, respectively. It can 
be concluded that: 
1. For all three conductor arrangements, the dynamic trajectory of the electric 
field at any point is symmetric with respect to the origin. 
2. For the triangular and horizontal arrangements, the directions of the trajectories 
are reversed at two points whose absolute values are equal and the signs of the x 
coordinates are opposite. For the triangular arrangement, the directions of the trajectories 
at points of (5, 1) m and (30, 1) m are counterclockwise, and the directions of the 
trajectories at points of (-5, 1) m and (-30, 1) m are clockwise. For the horizontal 
arrangement, the directions of the trajectories at points of (5, 1) m and (-30, 1) m are 
counterclockwise, and the directions are clockwise at points of (-5, 1) m and (30, 1) m. 
For the vertical arrangement, the directions of the trajectories at points of (5, 1) m, (-5, 1) 
m and (-30, 1) m are clockwise, and the directions at (30, 1) m are counterclockwise.  
3. For the triangular and horizontal arrangements, the trajectories at two points 
whose x coordinates are opposite in sign and equal in absolute value at a fixed height are 
the same. However, for the vertical arrangement, the trajectories of the two points are 
different because the field distribution is asymmetrical with respect to the y axis. 
4. The resultant electric field values calculated by the two methods turn out to be 
exactly the same. For the triangular and horizontal arrangements, the values of 𝐸!"#$ 
and 𝐸!"#$ are identical, and the values of 𝐸!"# and 𝐸!"# are also the same at two 
points whose x coordinates are opposite in sign and equal in absolute value at a fixed 
height, such as two points whose coordinates are (30, 1) m and (-30, 1) m, but for the 
vertical arrangement, it is not the case. This is because in the vertical arrangement, the 
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shield conductor is asymmetric respect to the y axis; therefore, the produced field of the 
vertical arrangement is not symmetrical.   
5. For the triangular and horizontal arrangements, the field value (𝐸!"#) of the 
semimajor axis increases first and then decreases with the increasing absolute value of 
horizontal coordinate (x position), however, the 𝐸!"# decreases with the increasing 
value of the horizontal coordinate for the vertical arrangement. This is because the total 
fields for both the triangular and the horizontal arrangements increase first and then 
decrease with the increasing horizontal distance to the origin, and the total field for the 
vertical arrangement decreases with the increasing horizontal distance to the origin.  
Table 5.4 Electric Field Values for the Triangular Arrangement 
Coordinates 
of Points (m) 
Electric Field Values (kV/m) 
𝐸!"#$ 𝐸!"#$ 𝐸!"#$! + 𝐸!"#$!  𝐸!"# 𝐸!"# 𝐸!"#! + 𝐸!"#!  
(5, 1) 0.0494 0.7428 0.7445 0.7429 0.0492 0.7445 
(-5, 1) 0.0494 0.7428 0.7445 0.7429 0.0492 0.7445 
(30, 1) 0.0335 0.8770 0.8777 0.8777 0.0033 0.8777 
(-30, 1) 0.0335 0.8770 0.8777 0.8777 0.0033 0.8777 
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Figure 5.7 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 5 m for the triangular arrangement.    
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Figure 5.8 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 30 m for the triangular arrangement. 
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Figure 5.9 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 5 m for the horizontal arrangement. 
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Figure 5.10 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 30 m for the horizontal arrangement. 
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Figure 5.11 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 5 m for the vertical arrangement. 
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Figure 5.12 Dynamic trajectories of electric field vector with time at 1 m height with 
horizontal distance of 30 m for the vertical arrangement. 
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Table 5.5 Electric Field Values for the Horizontal Arrangement 
Coordinates 
of Points (m) 
Electric Field Values (kV/m) 
𝐸!"#$ 𝐸!"#$ 𝐸!"#$! + 𝐸!"#$!  𝐸!"# 𝐸!"# 𝐸!"#! + 𝐸!"#!  
(5, 1) 0.0317 0.3826 0.3839 0.3835 0.0184 0.3839 
(-5, 1) 0.0317 0.3826 0.3839 0.3835 0.0184 0.3839 
(30, 1) 0.0217 0.7611 0.7614 0.7614 0.0031 0.7614 
(-30, 1) 0.0217 0.7611 0.7614 0.7614 0.0031 0.7614 
 
Table 5.6 Electric Field Values for the Vertical Arrangement 
Coordinates 
of Points (m) 
Electric Field Values (kV/m) 
𝐸!"#$ 𝐸!"#$ 𝐸!"#$! + 𝐸!"#$!  𝐸!"# 𝐸!"# 𝐸!"#! + 𝐸!"#!  
(5, 1) 0.0534 1.7006 1.7014 1.7014 0.0054 1.7014 
(-5, 1) 0.0519 1.7092 1.7100 1.7099 0.0067 1.7100 
(30, 1) 0.0277 0.2089 0.2107 0.2107 0.0002 0.2107 
(-30, 1) 0.0279 0.2372 0.2388 0.2388 0.0016 0.2388 
 
According to Table 5.6, the value of 𝐸!"# for point (30, 1) m is much smaller 
than the value of 𝐸!"#, therefore the dynamic trajectories at this point are very flat in 
Figure 5.12.  
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6. Conclusions and Recommendations for Future Work 
6.1 Conclusions 
In this work, the electromagnetic fields are simulated for 500 kV power lines, for 
the triangular, horizontal, and vertical arrangements respectively. The simulations are 
carried out by a Matlab program for people to run the comparative electric and magnetic 
field analyses (the flowchart of the coding is shown in Appendix A, and the user manual 
for the user friendly interface is in Appendix B). The impact of the height of the phase 
conductors, the use of shield conductors, and unbalanced voltages on the electric fields is 
studied. For the magnetic field, the influence of the height of the phase conductors, and 
the unbalanced currents on the field is investigated. For both the electric and magnetic 
fields, the dynamic trajectories of the field with time at a point are simulated. Based on 
the results obtained in this work, the following conclusions can be made. 
1. For the three conductor arrangements, the shapes of the electric field 
distribution curves are different. However, the shapes of the magnetic field distribution 
curves are similar. Furthermore, the phase sequences have no impact on the curves in the 
graph of the field distribution. 
2. For the electric field, the vertical arrangement is best for minimizing right of 
way consideration among three conductor arrangements. 
3. For both fields, when the conductors are at low heights, the produced fields 
could be reduced significantly by increasing the heights, but increasing the heights 
gradually results in diminishing return in terms of the field reduction. 
4. The impact of the shield conductors on the electric field differs for the three 
different conductor arrangements. The maximum electric field magnitudes for the three 
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conductor arrangements with shield conductors are larger than those without shield 
conductors except for the horizontal arrangement. 
5. For one phase with unbalanced voltage magnitude (+3%), the maximum 
electric field magnitude is increased by 4% when one of two side conductors is 
unbalanced for both the triangular and horizontal arrangements, and when the lowest 
conductor is unbalanced for the vertical arrangement. Otherwise, the maximum field is 
decreased by less than 1%. 
6. For two phases with unbalanced voltage magnitude (one phase 3% larger, one 
phase 3% smaller), the maximum electric field magnitude is 0.6% to 1% larger than that 
when only the 3% larger phase is equivalently unbalanced for the triangular and 
horizontal arrangements. For the vertical arrangement, when the voltage magnitude of the 
lowest phase conductor is 3% smaller, the maximum electric field is 4% smaller than that 
when only the 3% larger phase conductor is equivalently unbalanced; otherwise, the 
maximum field is 0.5% to 0.6% larger.    
7. For one phase with unbalanced current magnitude (+3%), the maximum 
magnetic field magnitude is increased by about 1% to 2% for both the horizontal and 
triangular arrangement except for the condition that the middle phase conductor in the 
triangular arrangement is unbalanced where the maximum field magnitude is decreased 
by 0.23%. The maximum field magnitude is increased by 7% if the lowest conductor is 
unbalanced for the vertical arrangement, otherwise, the field is decreased by 0.7% to 3%. 
8. For two phases with unbalanced current magnitudes (one phase 3% larger, one 
phase 3% smaller), for the triangular arrangement, when one of the side conductors is 
with 3% smaller current magnitude, the maximum magnetic field magnitude is about 1% 
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smaller than that when only the 3% larger phase is equivalently unbalanced; otherwise, 
the field is 5% larger. For the horizontal arrangement, the maximum field magnitude is 
0.4% to 0.7% smaller than that when only the 3% larger phase is equivalently unbalanced. 
For the vertical arrangement, when the current of the lowest conductor is 3% smaller, the 
maximum magnetic field is 7% smaller than that when only the 3% larger phase is 
equivalently unbalanced; otherwise, the maximum field is 1% to 3% larger. 
9. For both fields, the value of the maximum field is related to the location of the 
conductors under both balanced and unbalanced conditions, regardless of the phase 
sequences of the phase conductor. In this work, both the maximum electric field 
magnitudes and the maximum magnetic field magnitudes at 1 m height from the ground 
are all within the permissible exposure levels for the general public. 
10. For all three conductor arrangements, the dynamic trajectories of both the 
electric and magnetic fields at any point is symmetrical with respect to the origin. If the 
coordinates of the conductors are all symmetrical with respect to the y axis, the 
trajectories of the electric field at two points whose x coordinates are opposite in sign and 
equal in absolute value at a fixed height are the same, and the trajectories of the magnetic 
field at these two points are axially symmetrical with respect to Bx = 0. 
6.2 Future work 
The electromagnetic environment near power lines is quite complex. Although 
some simulation results are obtained in this study, a lot of further work still should be 
done to improve the estimation of the electromagnetic fields near power lines.  
1. The simulation results in this work should be compared with the actual 
measured values near power lines and the difference should be as small as possible. 
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2. The simulation in this work does not consider the environment near the power 
lines. In the future, the environmental factors such as geographical conditions should be 
taken into account to make the simulation software more accurate and general.  
3. More accurate equations computing the fields should be found to make the 
simulation results more precise. 
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APPENDIX A 
FLOWCHART OF THE MATLAB PROGRAM 
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Figure A.1 Flowchart of the coding. 
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APPENDIX B 
USER MANUAL FOR THE USER FRIENDLY INTERFACE 
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The object of this user manual is to introduce example inputs and outputs for the 
various software options for calculating electromagnetic fields generated by power lines. 
The Matlab files required are EMfield.m and EMfield.fig. 
B.1. Inputting phase conductor parameters 
 First, horizontal x and vertical y positions of three-phase conductors for the 
transmission line to be computed should be inputted in the blanks below. The parameters 
can be changed to whatever you want to analyze, if not, the default positions in the 
program will be as shown in Figure B.1. 
 
Figure B.1 Picture of phase conductor positions inputting interface. 
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B.2. Electric field calculation 
B.2.1 Inputting electric field parameters 
For the electric field calculation, some other parameters should be inputted first as 
shown in part A of Figure B.2, such as the line-to-line voltage, phase conductor radius, 
the number of shield conductors (if the number is not zero, input the position and radius 
of the shield conductors), the balance condition, and the location to be calculated (in part 
C of Figure B.3). In this case, the parameters are shown as follows. It can be seen that the 
voltage is unbalanced, and the number of shield conductors is 2. Because the number of 
shield conductors is not zero and the voltage is unbalanced, parameters of shield 
conductor position (in part C of Figure B.3), shield conductor radius (in part A of Figure 
B.2), and unbalanced condition (in part B of Figure B.2) should be inputted.  
 
Figure B.2 Picture of electric field calculation interface. 
A 
B 
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Figure B.3 Picture of interface for other needed positions. 
After all the positions of conductors are entered, click on Plot of Conductor 
Locations in Figure B.3, a graph will be shown like that of Figure B.4.    
 
Figure B.4 Plot of the conductor locations.   
C 
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B.2.2 Field spatial distribution 
Based on the inputted parameters, various graphs of electric field distributions can 
be chosen to display as delineated in Figure B.5. 
 
Figure B.5 Picture of interface for options of figures of electric field distribution.  
After choosing Total field, a graph like Figure B.6 will be shown. In the graph, 
the fields under unbalanced condition (the green curve) and under balanced condition (the 
dash mauve curve) can be compared. 
 
Figure B.6 Electric field distribution at 1 m height. 
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After choosing 3-dimensional plot, a graph like Figure B.7 will be shown. 
 
Figure B.7 Three-dimensional plot the electric field. 
After choosing Contribution of Conductor 1, a plot like Figure B.8 will be 
shown. Similar to the total field, the balanced and unbalanced conditions can be 
compared. 
 
Figure B.8 Contribution of conductor 1 to the electric field at 1 m height. 
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B.2.3 Field in time 
If frequency is taken into account, the electric field is a function of position and 
time. For a steady-state sinusoidal voltage, the electric field varies sinusoidally with time 
at some arbitrary point of space, and each spatial component is a complex number. 
Similar to the field spatial distribution, graphs of electric field in time can be 
chosen to display based on the inputted parameters (see Figure B.9). 
 
Figure B.9 Picture of interface for options of figures of electric field in time. 
After choosing Dynamic trajectories of field vector with time variation, a 
graph like Figure B.10 will be shown. From the plot, both the unbalanced and balanced 
conditions can be compared, and it can be seen that the directions of both trajectories are 
clockwise from the directions of marks in each curve over time.  
  
88 
   
 
Figure B.10 Dynamic trajectories of electric field vector with time variation. 
After choosing Etotal in time, a graph of total field in time will be shown as seen 
in Figure B.11. 
 
Figure B.11 Total electric field in time. 
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After choosing Field generated by conductor 1 in time, a graph like Figure B.12 
will be shown. 
 
Figure B.12 Electric field generated by conductor 1 in time. 
B.3. Magnetic field calculation 
B.3.1 Inputting magnetic field parameters 
Before the magnetic field calculation is performed, some field parameters should 
be inputted in Figure B.13 besides the transmission line parameters, such as the line 
current, and balance condition. In this case, the current is 2000 A and balanced. 
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Figure B.13 Picture of interface for the magnetic field calculation. 
B.3.2 Magnetic field spatial distribution 
Similar to the electric field distribution, graphs of magnetic field distributions can 
be chosen to display from the following part of the interface (see Figure B.14). 
 
Figure B.14 Picture of interface for options of figures of magnetic field distribution. 
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After choosing Total field, a graph like Figure B.15 will be shown, which 
illustrates the total magnetic field under balanced condition. 
 
Figure B.15 Magnetic field distribution at 1 m height. 
After choosing 3-dimensional plot, a plot like Figure B.16 will be shown. 
 
Figure B.16 Three-dimensional plot of the magnetic field. 
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After choosing Contribution of Conductor 1, a graph like Figure B.17 will be 
shown. 
 
Figure B.17 Contribution of conductor 1 to the magnetic field at 1 m height. 
B.3.3 Magnetic field in time 
For a steady-state sinusoidal current, the magnetic field varies sinusoidally with 
time at some arbitrary point of space, and each spatial component is a complex number. 
Similar to the field spatial distribution, figures of magnetic field in time can be 
chosen to display based on the inputted parameters (see Figure B.18). 
 
Figure B.18 Picture of interface for options of figures of magnetic field in time. 
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After choosing Dynamic trajectories of field vector with time variation, a 
graph like Figure B.19 will be shown. It can be seen that the direction of the trajectories 
is counterclockwise. 
 
Figure B.19 Dynamic trajectories of magnetic flux density vector with time variation. 
After choosing Total field in time, a plot of total field in time will be shown like 
that of Figure B.20. 
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Figure B.20 Total magnetic field in time. 
After choosing Field generated by conductor 1 in time, a graph like Figure B.21 
will be shown. 
 
Figure B.21 Magnetic field generated by conductor 1 in time. 
